SUMMARY The possibility that cerebral ischemia or cerebral hypoxia may initiate a series of free radical reactions in brain tissue lipid constituents was explored by measuring sequential changes in chemiluminescence values and energy metabolism during brain hypoxia in the rat. Brain hypoxia was induced by means of arterial hypoxemia (PaO 2 17-22 mmHg), normocapnia (PaCO 2 28-38 mmHg) and normotension (MABP 100-140 mmHg). To obtain lowered PaO 2 , 4% O 2 -96% N 2 mixed gas was used. Analysis of the chemiluminescence spectra for the purpose of luminous mechanism investigation was again attempted. No peroxidation occurred in the pre-hypoxic state since there were no photon counts. Chemiluminescence began to rise in the hypoxic state and remained at a high value in the post-hypoxic state. Specifically in the hypoxic state, the 3 min period showed 231 ± 35 counts/10 sec-g (n = 5) and the 5 min period showed 154 ± 62 (n = 19) counts/10 sec-g. In the post-hypoxic state, the 5 min period showed 217 ± 79 counts/10 sec-g (n = 9) and the 30 min period showed a decrease similar to the pre-hypoxlc state. The chemiluminescence spectroanaljsis showed five peaks in wavelength at 480 nm, 520-530 nm, 570 nm, 620-640 nm and 680-700 nm. Sequential changes in energy metabolism revealed that hypoxia caused marked brain lactic acidosis, an increase in both ADP and pyruvate, and a fall in glucose. However, all metabolites recovered at 30 min in the post-hypoxic state, which suggests this was reversible brain hypoxia. Sequential changes in chemiluminescence values and energy metabolism imply the occurrence of free radical reaction in the hypoxic and posthypoxic brain. The spectroanalysis reveals the luminous mechanism as follows: 'Ag + 'Ag -» 2 3 O 2 + h/x Stroke Vol 15, No 6, 1984 IN RECENT YEARS THE AUTO-OXIDATION of unsaturated fatty acids has been suggested as one of the primary factors in the acute stage pathology of the ischemic or hypoxic brain.'" 4 It has been difficult to detect the free radical reactions and further uncertainties remain with regard to the correlation between the period during which lipid peroxidation occurs and the energy metabolism of the brain.
IN RECENT YEARS THE AUTO-OXIDATION of unsaturated fatty acids has been suggested as one of the primary factors in the acute stage pathology of the ischemic or hypoxic brain.'" 4 It has been difficult to detect the free radical reactions and further uncertainties remain with regard to the correlation between the period during which lipid peroxidation occurs and the energy metabolism of the brain. 5 " 9 In the present study, we have followed the sequential changes of chemiluminescence and energy metabolism during a period of both induced hypoxia and oxygen resupply by using supratentorial tissue of hypoxic rat brain (PaO 2 , 17-22 mmHg).
Chemiluminescence analysis is a new technique in which the propagation or termination of free radical reaction is thought to appear when singlet oxygen has been transmitted to the triplet oxygen. 10 " 15 The results obtained using this new technique were found to be in agreement with the free radical reaction as determined simultaneously from the perspective of energy metabolism.
Experimental Materials and Methods
For the purpose of this study, 142 male Wister rats (250-280 g) were used. In the chemiluminescence value study, 9 rats were sacrificed at pre-hypoxia, 5 at hypoxia-3 min, 19 at hypoxia-5 min, 9 at post-hypoxia-5 min, and 5 at post-hypoxia-30 min. In the chemiluminescence spectral analysis 5 rats at posthypoxia-5 min were used. Energy metabolites and carbohydrate substances were measured in 90 animals which were later sacrificed. Of these 18 were measured at the following intervals: pre-hypoxia, hypoxia at 3 and 5 min, and post-hypoxia at 5 and 30 min.
Rats anesthetized with halothane in the presence of 20%O 2 + 80%N 2 gas mixture were injected intravenously with pancuronium bromide (0.8 mg/kg), tracheotomies were performed and intubation for artificially regulated respiration followed.
The femoral artery was cannulated for arterial blood gas analysis and measurement of blood pressure, and the femoral vein was secured for injection of heparin diluted with 0.9% saline. The pre-and post-hypoxic arterial blood gas levels were adjusted by sending O 2 and N 2 into the respirator while regulating and mixing them so that PaO 2 , PaCO 2 and MABP were in the range of 110-140 mmHg, 35-45 mmHg and 100-140 mmHg, respectively. For induction of hypoxia after the pre-hypoxic blood pressure and arterial blood gas levels were stabilized; 4%O 2 and 96%N 2 gas mixture was instantly sent into the respirator. By reducing the tidal volume the PaCO 2 level was maintained as close to the normal range as possible and hypotension was prevented. This procedure allowed hypoxia with PaO 2 at 17-22 mmHg, PaCO 2 at 28-38 mmHg and MABP at 100-140 mmHg to persist for 5 minutes ( fig. 1) . Thus, only PaO 2 was changed in this experimental system. Rat brain samples were collected at the following time intervals: pre-hypoxia, at 3 and 5 min during hypoxia and at 5 and 30 min during post-hypoxia. For sample collection, the scalp was vertically incised, and a bottomless cup was immobilized on the cranium. Liquid nitrogen was introduced at the times noted to completely freeze the cerebrum before collection. The collected cerebral specimens were stored at -80°C and weighed. Frozen cerebral specimens were pulverized in liquid nitrogen and deproteinized in perchloric acid solution in a -30°C box. For measurement of the chemiluminescence values the weight of each brain specimen stored at -80°C was adjusted to 500 mg and the specimen was diluted 10-fold with physiological saline in a teflon autohomogenizer at room temperature. The photons emitted from the homogenate were detected with Chemiluminescence Analyzer OX-7, manufactured by Tohoku Electronics, Co., Ltd. This high sensitive photon counting system employs the specifically low noise count rate photomultiplier (typically about 60 counts/s at room temperature) from Hamamatsu TV. The homogenate was placed in a stainless steel cell of 44 mm diameter. The single photoelectron pulses were counted with the sample at 35-36°C in a black box. During the ensuing period of 2.5-5 minutes, the photon counts were recorded at intervals of 10 seconds and the mean of 10 measurements was used as the chemiluminescence value.
Chemiluminescence spectral analysis 13 18~20 was carried out by using a filter spectrum analysis system (from the Inaba Laboratory of the Tohoku University Electronic Communication Research Institute, Sendai, Japan). This spectral analyzer has a set of colored glass filters which have the ability to cut off various sharp short wavelengths.
Post-hypoxia-5 min specimens (1.0 g of brain tissue which was diluted 10-fold with 0.9% saline) were allowed to stand in room air at 35-36°C for 3-4 hours. Chemiluminescence spectral analysis was performed when the chemiluminescence value exceeded 3,000 counts/30 sec/g. The rectal temperature of all experimental animals was maintained at about 37°C throughout the study.
Experimental Results

Chemiluminescence Values
Chemiluminescence values (mean ± S.D.) were 11 ± 15 counts/10 sec-g (n = 9) in pre-hypoxia, but rose to 231 ± 35 counts/10 sec-g (n = 5) at 3 min, 154 ± 62 counts/10 sec-g (n= 19 ) at 5 min of hypoxia and 217 ± 79 counts/10 sec-g (n = 9) at 5 min of posthypoxia. However, they returned to low levels (10 ± 13 counts/10 sec • g, n = 5) which were close to the prehypoxic values at 30 min of post-hypoxia ( fig. 2 ).
Chemiluminescence Spectral Analysis
Spectral peaks were found at wavelengths of 480, 520-530, 570, 620-640 and 680-700 nm, the strongest being present at 570, 620-640 and 680-700 nm (n = 5)( fig. 3) .
In contrast, pre-hypoxic (normal) brain homogenate demonstrated no significant increase in the photon count within 40 min to 1 hour even if they were similarly heated to 35-36°C in room air (n = 9).
Energy Metabolism
Each value represents the mean ± standard error of the values obtained from 5 rats. The ATP level was 2.44 ± 0.03 mmol/Kg in the pre-hypoxic state, but it showed a slight decrease to 2.37 ± 0.06 mmol/Kg (hypoxia-3 min), 2.36 ± 0.05 mmol/Kg (hypoxia-5 min). It was 2. Discussion It is known that in both ischemic and hypoxic brain, phospholipids of the cell membrane are decomposed resulting in an increase in various polyunsaturated fatty acids.
4 2U22 Auto-oxidation of these fatty acids is an important exacerbating factor of the ischemic brain 2 -3 -"• M and may be initiated by active oxygen such as singlet oxygen or hydroxy radical under metal existence (i.e., iipid peroxidation due to free radical reaction). It has proven extremely difficult to determine the free radical reaction in vivo, and this reaction accompanies or is immediately subsequent to change brought about in brain energy metabolism. The question of when and under what conditions cell damage is activated remains unclear.
Previous studies of Iipid peroxidation associated with the ischemic brain were performed primarily by the in vitro thiobarbiturate (TBAR) method using various samples. 24 " 26 This method is based on the reaction between malondialdehyde (MDA) or its analogs formed by decomposition of Iipid peroxides and TBA. However, since TBA reacts with various aldehydes, sialic acid, sugar and bilirubin, the effects of foreign elements in samples are not negligible. 27 Further studies have involved estimates of the occurrence of free radicai reactions. These estimates were based on changes in the cerebral concentration of free radical scavengers, 29 vitamin C and E in the ischemic brain, electron spin resonance (ESR), 330 - 31 and absorption spectroanalysis suggesting the presence of conjugate diene. 25 The conclusions drawn are not unified. There is, however, increasing insight with each new approach to the question of membranous Iipid peroxidation in which free radical reaction participates in the ischemic or hypoxic brain.
We determined the chemiluminescence value in normal brain and during periods of hypoxia and oxygen resupply. There was significant difference between photon emission from the normal brain and that from the hypoxic brain (figs. 2 and 6). With energy metabolism within the limits of reversible changes, the X10* cnnU 30MC-g chemiluminescence level in the hypoxic brain returned to normal following recovery of energy metabolism ( fig. 2) . In other words, during a 5-min hypoxic state with 17-22 mmHg of PaO 2 and at 5 min of oxygen resupply, a significant increase in chemiluminescence values was observed. However, photon emission dropped to near zero at 30 min of oxygen resupply. The difference between chemiluminescence from normal brain specimens and that from hypoxic brain specimens suggests that the free radical occurs rapidly during the hypoxic period and at 5 min of oxygen resupply, and proceeds at least up to the stage of alkyl radical (R.) ( fig. 7) . Because measurements were taken in room air at 35-36°C, the chain reaction after the alkyl radical stage increased as a result of oxygen molecules coming in contact with the homogenate. 10 ' " 32 The normal brain homogenate showed no significant increase in chemiluminescence for 40-60 min, indicating that the pathological free radical reaction had not yet started (figs. 6 and 7).
Aside from the variations in the chemiluminescence value the following changes in energy metabolism in pulverized specimens of frozen brain were observed. In the hypoxic state ATP showed a slight decrease; lactate, pyruvate and ADP showed an increase, and glucose showed a decrease. This phenomenon suggests disorders in the TCA cycle and oxidative phosphorylation system and is thought to indicate electron deficiency at the site of energy production in the mitochondria. Numerical changes of electrons in the electron transport system are likely to be associated with the generation of active oxygen ( fig. 8) has not yet recovered to normal, the electron deficiency state does not soon recover and the free radical reaction continues to occur for a certain period. Moreover, it is thought that due to a series of reactions starting with active oxygens, the free radical reaction induced by the hypoxia leaves a supply of alkyl radical. This results in the free radical reaction increasing transiently due to the resupply of oxygen, along with the chemiluminescence value. It was interesting, however, that at 30 min of post hypoxia all values related to energy metabolism were found to have returned to the prehypoxic levels and the chemiluminescence value also showed recovery to around zero.
Subsequently, spectral analysis of chemiluminescence was performed to leam its detailed mechanism. Spectral analysis of very weak light signals is accomplished with the successive insertion of colored glass filters arranged on a rotating disc into the optical path between the reflector and the photomultiplier. Twentyseven colored filters are employed to cover the total wavelength region between 275 and 690 nm with the transmission ranging from 45% to 60%. This procedure could not be carried out until the chemiluminescence value rose to 3,000 counts/30 sec-g after rat brain homogenate was exposed to room air (35-36°C) for 3-4 hours. Consequently, the chain reaction after hydroperoxide was strongly amplified by oxygen molecules in the atmosphere ( fig. 7) . Spectral peaks were found in wavelengths of 480, 520-530, 570, 620-640 and 680-700 nm. This suggests the possibility that luminescence generated when singlet oxygen, In summary, we have confirmed the presence of free radical reaction in homogenated hypoxic brain samples using a hypoxic rat brain model in which PaCO 2 and blood pressure are held under normal ranges. Others have previously argued that this is one of the chief causal factors in the early stage damage to the hypoxic brain. We have also reported on a study of the mechanisms thought to generate the free radical reaction in the hypoxic brain from perspective of energy metabolism.
Conclusion
1.
Using the chemilulminescence method we have determined propagation or termination of free radical reaction in the hypoxic rat brain. Determination of the chemiluminescence value in rat brain at pre-hypoxia, during hypoxia and at post-hypoxia revealed significant differences between photon emission from normal brain and that from hypoxic brain.
2. With energy metabolism in the range of reversible changes, the chemiluminescence value dropped back to normal in the hypoxic brain following recovery of energy metabolism.
3. Changes in energy metabolism in the hypoxic brain were determined. Glycolysis and oxidative phosphorylation (electron transport system) were found to be subject to damage. The sequential change of various energy metabolites in the hypoxic rat brain has suggested a mechanism by which active oxygens generate.
4. Spectral analysis of chemiluminescence suggested that photon emission was caused by transition of singlet oxygen to the ground state.
